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Abstract
Along with the development of several large-scale methods such as mass spectrometry or micro arrays, genome
wide models became not only a possibility but an obvious tool for theoretical biologists to integrate and analyse
complex biological data. Nevertheless, incorporating the dynamics of photosynthesis remains one of the major
challenges while reconstructing metabolic networks of plants and other photosynthetic organisms. In this review,
we aim to provide arguments that small-scale models are still a suitable choice when it comes to discover
organisational principles governing the design of biological systems. We give a brief overview of recent modelling
efforts in understanding the interplay between rapid, photoprotective mechanisms and the redox balance within
the thylakoid membrane, discussing the applicability of a reductionist approach in modelling self-regulation in
plants, and outline possible directions for further research.
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Introduction
In the process of photosynthesis solar energy is harvested
by chlorophyll pigments and converted into chemical energy
by a series of redox reactions. High light intensities may
severely impair the photosynthetic apparatus and damage the
reaction centres, where charge separation occurs. In order
to protect themselves against photodamage, plants and other
photosynthetic organisms are capable of switching from a
photosynthetic, light-harvesting to a protective status, in which
excess absorbed radiant energy is dissipated as heat [1].
Through the reorganisation of light harvesting complexes
plants gain the ability to dynamically react to external stimuli
and to keep the redox balance within the thylakoid mem-
brane [2]. However, what is a desired and even essential
mechanism in natural, fluctuating environments, becomes an
unwanted feature in industrial cultivation, where one aims at
utilising the applied light energy for photochemistry with the
highest possible efficiency. Clearly, a thorough understanding
of the molecular signalling mechanisms guiding acclimation
responses is required to optimise biotechnological exploitation
of photosynthetic organisms, for example for the production
of high-value commodities. Such an understanding, which can
only be obtained by combining several scientific approaches,
will allow to assess, quantify and eventually minimise the
rate of energy loss. In the long term, this knowledge has the
potential to support increasing plant productivity, and thus
contribute to solving the grand challenge of the 21st century
imposed by the increasing food and energy demand [3, 4].
Theoretical approaches are powerful to discover organisa-
tional principles governing the design of biological systems.
Properly constructed mathematical models verify and comple-
ment experimentally obtained results, reflect the current state
of knowledge and set theoretical frameworks to derive novel
hypotheses and perform investigations which are often experi-
mentally challenging, if not impossible. Mathematical models
can take many forms, depending on the research question they
aim to answer [5]. By definition, models are a simplified rep-
resentation of reality and can focus on different timescales and
different levels of complexity (Figure 1). System-level models
of metabolism found a number of applications but, because
of the intrinsic assumption of a stationary state, they face the
challenge of including the dynamics of photosynthesis [6]
when applied to phototrophic organisms.
In this review, we aim to provide arguments for the appli-
cation of reductionist approaches in photosynthetic research
to study self regulation in plants. For that we discuss math-
ematical models published on the topic in the past decade
and discuss challenges and future prospects associated with
dynamic, differential equation-based models.
Self regulation
In natural conditions, plants are exposed to rapid fluctuations
in their environment [11] including changes in light intensity
and quality. When a chlorophyll absorbs a photon it is ex-
cited to a higher energy state from which it can relax either
by fuelling the photochemical reactions or by dissipating the
excess energy in the form of fluorescence or heat [1]. In high
light, excitation of chlorophyll may be faster than relaxation
and chlorophyll singlet excited states accumulate [12]. This
leads to the formation of chlorophyll triplets that, by reacting
with molecular oxygen, result in highly reactive and dan-
gerous singlet oxygen [13]. Through processes collectively
named as non-photochemical quenching (NPQ) almost all
eukaryotic autotrophs [14] avoid and minimise such photoox-
idative stress. Photosynthesis is driven by energy collected
by complexes associated with two photosystems, which are
preferentially excited by different wavelengths. Acclimation
to fluctuating environments by balancing excitation of these
two photosystems is achieved by an additional mechanism, in
which light-harvesting complexes are relocated [15].
Although a number of genes and proteins involved in these
acclimation pathways have been identified, in many cases the
molecular basis for their dynamics remains unknown. Thus,
a number of mathematical models have been developed with
the goal to understand the regulatory principles and to support
the identification of the underlying molecular mechanisms.
Models
Much of today’s knowledge about the dynamics of photosyn-
thesis was brought by reductionist models, dating back to the
extremely simplified, but illustrative pioneering model of leaf
photosynthesis by Thornley [16]. The question is whether
this approach is still justified in the era of quantitative biology.
The recent rapid advance in experimental techniques, such as
mass-spectrometry and high-throughput sequencing, allows
obtaining global snapshots of the status of a cell with unprece-
dented precision [17]. This wealth of information allows for
example the reconstruction of genome-scale metabolic net-
works encompassing the entirety of all known biochemical
reactions [18]. One would expect that with this richness of
available data, a fundamental biochemical process like pho-
tosynthesis would be already well understood. In fact, a few
attempts have been made to apply genome-scale metabolic
models to photosynthetic organisms including plants [19],
green algae [20] and cyanobacteria [21] (recently reviewed
in [6]) and these approaches were successful in providing valu-
able insight into the dependence of stationary flux distributions
to external conditions. However, the inherent steady-state as-
sumptions in the mathematical analysis techniques [22] makes
them unsuitable to explore the regulatory mechanisms un-
derlying the dynamic responses, which are so essential for
organisms that need to cope with changing environmental
conditions [23].
In contrast, small-scale kinetic models are designed for
an in-depth investigation of individual biological components
and can provide information on the dynamics of the system,
far away from the steady state, and predict temporal responses
to different perturbations. Here, reduced model complexity
and low numbers of model parameters support the process of
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Figure 1. The three dimensions of model reduction. Existing photosynthetic models cover different levels of complexity
and details depending on the research questions they aim to answer, ranging from the detailed models of processes occurring
within PSII on the timescale of picoseconds to nanoseconds, reviewed in [7], over the biochemically structured models of
culture growth in bioreactors [8, 9] to models of photosynthethic evolution [10]. All of them reduce the commplexity by
focussing on selected temporal and spatial scales.
creating a general theoretical platform to study mechanisms
conserved over a wide range of species, including the plant
kingdom, but also other photosynthetic microalgae. In the
past decade a handful of new kinetic models have been pub-
lished with the aim to help understand underlying principles
governing short term acclimation mechanisms. Due the fact
that the effect of regulatory acclimation mechanisms can be
easily monitored in a minimally invasive way by chlorophyll
fluorescence measurements, many of the existing models aim
at simulating the dynamics of the fluorescence signal [24, 25].
Models of qE
The major and most rapid component of NPQ, termed energy-
dependent quenching (qE) [1], relaxes within seconds to min-
utes and is triggered by a high proton gradient (∆pH) over the
thylakoid membrane [28]. General consensus is that both pho-
tochemical and non-photochemical quenching are mainly asso-
ciated with light harvesting complexes of photosystem II [29]
and therefore models investigating qE are commonly reduced
to include only the essential reactions around PSII and focus
on depicting the chlorophyll fluorescence kinetics. Recently,
a simplistic three-state model of the reaction centres [30] was
complemented with a data-derived, heuristic sigmoid func-
tion of qE-quenching activity [31]. This approach allowed
for quantitative predictions of the state of the photosynthetic
apparatus under varying light conditions while expanding the
parameters set moderately to only 13 parameters. Neverthe-
less it does not provide novel mechanistic explanations of
the regulation of heat dissipation. To understand the precise
role of the known quenching components, more mechanistic
models are needed.
In [27], a minimal mathematical model of NPQ is pre-
sented, which reduces the system to only three differential
equations and the system boundary is drawn at the cytochrome
b6f complex. The qE mechanism is simplified to include only
one pH dependent component, ignoring for example details
on the dynamics and the precise role of the xanthophyll cycle.
In [32], a more detailed and accurate model of quenching is
presented, however at the cost of drastically increased com-
plexity (26 non-linear differential equations). Here, the rate
of qE activity depends on two components, protonation of the
PsbS protein and operation of the violaxanthin, antheraxan-
thin, zeaxanthin (VAZ) cycle. The model analysis suggested
that, despite its pH-dependency, qE does not affect the lu-
men pH in plants and therefore does not regulate the mode of
electron flow [32].
Existing mathematical models of high-energy state quench-
ing are able to reproduce the main biological features of
quenching activity [27] and help to quantify the beneficial im-
pact of qE under fluctuating light conditions [32]. A review of
mathematical models and measurements of energy-dependent
quenching was published in [33].
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Figure 2. Illustration of reductionist approaches in modelling photosynthetic acclimation mechanisms. (A) Schematic
representation of the photosynthetic electron transfer chain with a high level of complexity including both linear and cyclic
electron flow and movement of antennae governed by the kinase-phosphotase pair. Figure modified from [26] (B) Based on our
current understanding of qE, we can reduce the system to include only reactions within PSII [27] and simplify the quenching
mechanism as a direct consequence of the acidification of the thylakoid lumen. (C) Similarly, to study state transitions we can
reduce the system to two photosystems, which antagonistically reduce and oxidise the plastoquinone pool. A reduced pool will
activate a kinase, triggering relocation of antennae from PSII to PSI, thus inhibiting PSII activity and activating PSI. (D) The
two mechanisms are not independent, therefore a model that includes both mechanisms is required to reveal the principles of
photosynthetic self-regulation under different light conditions.
Models of state transitions
An alternative mechanism to reduce the amount of excitation
energy is by decreasing the delivery rate of photons to the PSII
reaction centre (RC). In the process termed state transitions
(qT), major light harvesting complexes (LHCs) that are usu-
ally associated with PSII separate from the photosystem and
move towards PSI, balancing the overall excitation and regu-
lating the production of ATP [34], but not necesarly switching
between cyclic and linear electron flow [35] as previously
reported [36]. The development of mathematical models of
state transitions is challenging due to the limited information
regarding the exact molecular mechanisms governing this pro-
cess. State transitions are triggered by the imbalance in the
redox poise of the PQ pool, where an overreduced pool in-
directly activates a kinase [37] (STN7 in A. thaliana, Stt7 in
C. reinhardtii), that phosphorylates antenna associated with
PSII, triggering reversible antenna movement, thus resulting
in a decreased delivery of photons to the PSII RC, therefore
reducing PSII activation [38]. To our knowledge, the only
available dynamic model of state transitions has been pub-
lished recently by one of the authors [39]. This model pro-
vides a reliable representation of state transitions and presents
a good basis for analysing the entire photosynthetic electron
transport chain and its interaction with environmental cues and
downstream processes. Further, an attempt was made to link
both quenching components qE and qT into a single model.
The discrepancies between simulated and experimentally ob-
tained fluorescence traces suggested that the conventional
view, where all phosphorylated antennae that detach from
PSII will become associated with PSI, might be too simplistic.
Indeed, a new concept of free antennae was recently intro-
duced [40, 41] revisiting a well established view on the role
of state transitions. These new experimental findings open
new perspectives for modellers to underpin novel proposed
mechanisms with theoretical studies.
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Models of both mechanisms
Our current understanding of dynamic regulations of photo-
synthesis to light variations indicate the existence of a complex
regulatory network [15]. To fully understand the principles
according to which this network operates (Figure 2A) and to
which degree it is conserved among photosynthetic organisms,
we require a model that includes both mechanisms. Consid-
erations of only PSII reactions for qE studies (Figure 2B) or
only the PQ balance for qT investigations (Figure 2C) are
not sufficient, because both mechanisms are not operating
independently and are likely to affect each other (Figure 2D).
So far, to the best of our knowledge, there is no such uni-
fying model for photosynthetic eukaryotes available. Even
the most comprehensive dynamic mechanistic model of C3
photosynthesis published to date [42] does not account for
state transitions. We have therefore applied the reduction-
ist approach to construct a minimal model including state
transitions as described in [39], the mechanisms of energy-
dependent quenching as described in [32], while aiming for a
reduced complexity in the spirit of the minimal model in [27].
Preliminary results of this combined model are already
highly illustrative and are able to explain why two regulatory
mechanisms are needed and in which light regime each mech-
anism dominates. In Figure 3, the steady-state redox state of
the plastoquinone pool is depicted for an in silico experiment,
which is difficult to realise experimentally: In the absence
of state transitions, the total light intensity (x-axis) and the
fraction of light absorbed by PSII (y-axis) were varied. It can
be observed that for low light intensities the redox state of the
PQ pool exhibits a sharp transition from oxidised to reduced
for an increasing percentage of light absorbed by PSII.
Figure 3. Steady state analysis. Steady state redox state of
the plastoquinone pool for a model in which state transitions
are not effective reveals the importance of this mechanism
under low light conditions. The predicted steady state of the
redox state of the PQ pool is plotted in dependency on the
total light intensity and the fraction of energy absorbed by
PSII.
This demonstrates the importance of the capacity to regu-
late the relative energy transfer to PSI and PSII for the main-
tenance of a healthy redox balance required for an efficient
photosynthetic electron transport. For higher light intensities
the transition becomes increasingly more gradual. The en-
ergy dependent dissipation of absorbed energy as heat (qE)
leads to an increasingly pronounced plateau-like behaviour,
illustrating the importance of qE under high light conditions.
Future directions
Evidently, there are still many unanswered questions and
reaching a true understanding of the photosynthetic self-
regulatory system still requires considerable effort. In our
opinion, a dynamic model that encompasses both major short-
term acclimation mechanisms has the potential to address
central unresolved problems and thus will help to develop
encompassing theoretical concepts further. In particular, we
see a need to address a number of key areas.
Photosynthetic mutants are widely used to study photoreg-
ulatory mechanisms in plants and green algae. In order to
draw from the multitude of genetic and phenotypic informa-
tion available and incorporate this information into the theory
building process, a model is required, which incorporates more
than one regulatory mechanism. For example, the theoretical
analysis of the metabolic signals in the C. reinhardtii double
mutant npq4stt7-9, which is deficient in state transitions and
impaired in expression of a protein required for qE activa-
tion [43], can only be performed with a model describing both
qT and qE. The urgency to develop such a model is further
stressed by the observation that removing one photoprotective
mechanisms triggers compensatory responses, where the re-
maining mechanism partly takes over the role of the removed
one [43].
It has been demonstrated that plants possess a cellular
light memory, where they can physiologically memorise previ-
ous light exposure periods to improve their light acclimatory
and immune defence responses even days after exposure [44].
To test if there exists a short-term light memory that improves
environmental fitness in the time-scale of minutes to hours, we
expanded the minimal mathematical model presented in [27]
by including the slower component of NPQ and mechanisms
responsible for the regularly observed transient quenching
induction under low light conditions [45]. Our working hy-
pothesis states that short-term light memory is established
by the slow quenching component (usually attributed to the
accumulation of zeaxanthin) and the simulations of this unpub-
lished model indeed seem to support this notion (Figure 4).
It is widely accepted that light quality is another major
trigger of regulatory responses after light intensity [46]. How-
ever, how exactly different light frequencies affect the extent
and rate of NPQ is largely unknown. First approaches to
implement a spectral dependency of the light reactions were
presented in [20] in the context of the genome-scale metabolic
network reconstruction of C. reinhardtii, where a prism reac-
tion was added as an intermediate step between incident and
absorbed light. This approach led to a better understanding of
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Figure 4. Simulations of a short-term light memory. Simulated response of Arabidopsis exposed to white light of 500
µEm−2s−1 for 10 minutes, shifted to darkness for 5 minutes (protocol 1) or 30 minutes (protocol 2, dotted lines), in which the
quenching components relax, and subsequent re-exposure to light of the original intensity. Simulations were performed in
Python using a kinetic model developed from [27], complemented by the slower component of NPQ and by mechanisms
responsible for the transiently generated NPQ under low light conditions.
algae growth under different spectral compositions, but neither
can it help to understand the dynamics of the regulation nor
can it provide detailed information about the energy loss due
to photoprotective mechanisms. We suggest that these ques-
tions can be best addressed by modifying small kinetic models
to include a description of a frequency-dependent excitation
of the chlorophylls and reaction centres.
Last but not least, we are convinced that the selective re-
duction of certain processes can help to identify common un-
derlying principles of NPQ in different species. For example,
reducing the xanthophyll cycle to its essential feature, namely
that a xanthophyll can be de-epoxidised in a pH-dependent
manner and epoxidised in a pH-independent way [47], allows
to include species as different from plants as diatoms into
the model description, where the xanthophyll cycle operates
according to the same principles as in higher plants and green
algae, but the molecular nature of the xanthophylls is very
different [14].
Discussion
A major challenge in mathematical model development re-
mains the acquisition of accurate numerical values of the
numerous photosynthetic parameters that are not trivial to
measure in vivo. This is particularly pronounced while de-
veloping unifying modelling frameworks valid for different
species. For that, efforts taken by Antal et al. [48] serve as
an invaluable comprehensive data base and will greatly help
to overcome this bottleneck of model development. Hovewer,
no matter how many parameters are measured, there will al-
ways be the need to fit the remaining ones to experimental
curves. However, this fitting procedure can be considerably
facilitated by a simple model structure, and the smaller the
number of parameters, the lower the risk of overfitting. At the
same time, models can provide quantitative information about
values where direct measurements in vivo are not possible,
as was for example performed for the prediction of thylakoid
lumenal pH [49].
In conclusion, a number of existing mathematical models
can capture the fluorescence dynamics under changing light
conditions and support the understanding of photosynthetic
self-regulatory mechanisms, which could not be obtained by
other modelling or experimental approaches. Nevertheless, to
reach a more complete understanding of photosynthesis and
its regulation, it will become necessary to incorporate dynamic
regulatory models with genome-scale approaches. In order
to reach this stage, we need to understand how to upscale the
detailed insight into regulatory dynamics and how to capture
the essential features in a way compatible with large-scale
model descriptions. To reach this understanding, we see the
necessity to further pursue the reductionist approach resulting
in small kinetic models, because only these will facilitate the
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formulation of unifying theoretical frameworks and discover
the significance of the individual regulatory mechanisms for
photosynthetic efficiency.
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